Journal  of  Power  Sources  218  (2012)  383-392 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


P  r*! 

Sbb..«ltS 


Substituent  effects  of  Ba2+  for  Sm3+  on  the  structure  and  electrochemical 
performances  of  Smo.5Sro.5Coo.8Feo.203_<5  cathode  for  intermediate  temperature 
solid  oxide  fuel  cells 

Jianquan  Gaoa,  Xiwen  Songb+  Fen  Zhoub,  Shengli  Anb’*,  Yanwen  Tiana 

a  Material  and  Metallurgy  College,  Northeastern  University,  Shen  Yang  114001,  China 

b  School  of  Materials  and  Metallurgy,  Inner  Mongolia  University  of  Science  and  Technology,  Batou  014010,  China 


HIGHLIGHTS 


►  A  novel  series  of  perovskite-type  cathode  materials  Smi_xBaxSr0.5Coo.8Fe0.203_5  (0<x<0.2)  for  solid  state  oxide  fuel  cells  are  prepared  by  a  citric- 
nitrate  process. 

►  Among  the  series  of  the  samples,  the  highest  conductivity  was  observed  for  Sm0.45Ba0.05Sr0.5Co0.8Fe0.2  03_5  to  be  1250  Scm  1  in  air  at  300  °C. 

►  The  partial  substitution  of  Ba  for  Sm  site  obviously  enhanced  the  cathode  materials. 

►  The  cathode  with  the  composition  x  =  0.2  exhibits  the  lowest  area  specific  resistance,  which  is  0.032  Qcm2  at  750  °C  and  0.056  Qcm2  at  700  °C. 

►  The  cell  with  the  composition  x  =  0.20  gives  the  maximum  power  density  of  1030  mW  cm  2  at  650  °C. 
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Perovskite  oxides  Smi_xBaxSr0.5Coo.8Feo.203-<5  (x  =  0, 0.05, 0.10, 0.15, 0.20)  have  been  synthesized  by  a  citric 
acid  method.  The  X-ray  diffractometer  results  show  that  all  samples  exhibit  a  perovskite  structure  with 
orthorhombic  symmetry.  The  X-ray  diffractometer,  Infrared  spectroscopy  and  Raman  spectroscopy  results 
suggest  an  increase  in  the  cell  volume  with  Ba  content.  The  X-ray  Photoelectron  spectra  result  suggests  that 
the  valence  change  of  partial  Co  from  3+  to  4+  and  the  formation  of  oxygen  vacancy  are  two  mechanisms  to 
satisfy  charge  neutrality  when  Sm3+  is  partially  substituted  by  Ba2+.  The  cathode  polarization  measure¬ 
ment  of  the  symmetric  cells  with  SBSCF  cathodes  shows  that  the  area  specific  resistance  decreases  with  the 
increase  of  Ba2+  substitution.  The  cathode  with  the  composition  x  =  0.2  exhibits  the  lowest  area  specific 
resistance,  which  is  0.032  Qcm2  at  750  °C  and  0.056  Qcm2  at  700  °C.  The  performance  of  Smo^Ceo.sCh-d/Ni 
anode-supported  cells  using  Sm1_xBaxSro.5Coo.8Feo.2O3 -<5  as  cathode  exhibits  that  the  power  density 
increase  with  increasing  Ba2+  content.  The  cell  with  the  composition  x  =  0.20  gives  the  maximum  power 
density  of  1030  mW  cm-2  at  650  °C  and  285  mWcm'2  at  500  °C.  These  results  suggest  that  Ba2+  substit¬ 
uent  substantially  improves  the  electrochemical  performance  of  Smo.sSro.sCoo.sFeo^Ch-d,  makes  it 
a  promising  cathode  material  for  intermediate  temperature  solid  oxide  fuel  cells. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Development  of  novel  oxides  with  high  mixed  ionic  and  elec¬ 
tronic  conductivity  (MIEC)  is  of  great  significance  to  improve  the 
performance  of  the  electrochemical  devices,  which  include  solid 
oxide  fuel  cells  [1—4],  oxygen  separation  process  [5,6]  and  catalyst 
[7,8].  In  the  case  of  solid  oxide  fuel  cells,  in  order  to  decrease  the 
substantial  polarization  resistance  increase  associated  with  the 
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reduction  of  the  operation  temperature  to  the  intermediate  range 
(500-800  °C),  mixed  conducting  oxides  with  perovskite  and 
perovskite-related  intergrowth  structure  such  as  Lni_xSrxM03 
(M  =  Mn,  Fe,  Ni  and  Co)  [9-12],  Ln2Ni04+5  [13-15]  and 
LnBaCo205+«5  [16-19]  have  been  widely  investigated  as  cathode 
candidates.  The  mixed  conductivity  of  such  materials  greatly 
extends  the  reaction  active  sites,  and  consequently,  these  materials 
are  expected  to  provide  much  higher  electrode  activity  for  oxygen 
reduction  than  Lai_xSrxMn03  at  reduced  temperatures. 

Among  these  mixed  conducting  oxides,  cobalt-based  perov- 
skite-type  oxides  exhibit  excellent  electrochemical  properties, 
especially  in  combination  with  doped-ceria  electrolytes.  The 
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cobalt-containing  cathodes  studied  the  most  in  literature  seem  to 
be  composition  of  Smo.sSro.sCoC^  or  Lao.6Sr0.4Feo.8Coo.203_5  with 
a  ceria-based  electrolyte  [20-22].  The  area  specific  resistance  (ASR) 
value  of  a  Smo.sSro.sCoC^  composition  cathode  measured  at 
600  °C  was  0.18  Qcm2  [20].  However,  the  thermal  expansion  coef¬ 
ficient  of  Smo.5Sr0.5Co03_(5  is  very  high  as  it  is  a  pure  cobaltite 
perovskite,  which  may  make  the  practical  application  of  this 
material  difficult.  The  porous  Smo.sSro.sCoC^  cathode  in  contact 
with  Ceo.8Smo.202-<5  electrolyte  was  reported  to  undergo  fast 
degradation  both  on  thermal  cycling  and  during  isothermal  oper¬ 
ation  [23].  Partial  substitution  of  cerium  for  cobalt  in 
Smi_xSrxCo03_,5  was  shown  to  slightly  suppress  the  lattice  expan¬ 
sion,  to  decrease  total  conductivity,  and  to  improve  cathode 
performance.  However,  the  cerium  solubility  limit  is  low,  <5  mol% 
[24].Crystal  structure,  thermal  expansion  coefficient,  electrical 
conductivity,  and  cathode  polarization  of  Sm0.5Sr0.5Coi_xFexO3_5 
(SSCF)  (0<x<0.9)  series  have  also  been  studied.  However,  this 
substitution  leads  to  an  increase  in  the  ASR  of  SSCF  [25].  Alterna¬ 
tively,  Bao.5Sr0.5Coo.8Feo.203-<5  (BSCF)  exhibits  excellent  electro¬ 
chemical  performance  at  low  temperatures,  thus  it  has  become 
a  very  promising  cathode  material  for  IT-SOFCs  [26].  Furthermore, 
the  electrochemical  performance  of  BSCF  can  be  improved  by 
doping  a  rare  earth  element  into  A  sites  [27-29].  However,  the 
wide  applications  of  BSCF  may  be  inhibited  by  three  major  prob¬ 
lems:  large  coefficient  of  thermal  expansion  (CTE)  of  the  BSCF,  the 
collapsing  of  the  desired  cubic  structure  of  BSCF  at  temperatures 
below  1123  K  under  long-term  condition,  and  the  detriment  of  the 
surface  oxygen  exchange  coefficient  ascribed  to  the  occurrence  of 
some  surface  carbonation  in  the  presence  of  CO2. 

The  intrinsic  properties  of  cathode  materials  depend  on  the 
material  composition  and  lattice  structure.  One  of  the  intriguing 
features  of  ABO3  perovskite  oxide  is  that  their  physicochemical 
properties  can  be  tailored  by  partial  substitution  on  A  and/or  B  sites 
with  only  minimal  changes  in  structure.  The  improvement  in  the 
properties  is  commonly  resulted  from  the  B-site  cation  modifica¬ 
tion,  due  to  B-site  cation  associating  to  the  redox  catalytic  mecha¬ 
nism.  Alternatively,  the  physicochemical  properties  can  be  also 
tuned  by  the  A-site  cation  adjustment  [30].  For  example,  A-site 
substituent  with  the  larger  cation  Ba2+  results  in  the  expansion  in 
the  cell  volume  and  the  reduction  in  the  binding  energy  of  the 
crystal  [31  ],  which  facilitates  the  oxygen  diffusion  within  the  lattice 
and  promotes  the  oxygen  exchange  kinetics  on  the  surface  of  the 
oxide,  consequently  leads  to  an  improvement  in  the  cathode 
performance.  However,  the  investigation  of  the  influence  and  the 
mechanism  of  Ba2+  substitution  on  the  properties  of  the  cobalt- 
containing  cathodes  are  still  less  understood. 

Our  work  gives  a  detailed  investigation  of  the  effect  of  Ba2+ 
substitution  for  Sm3+  on  the  structure  and  electrochemical 
performances  of  Smo.5Sro.5Coo.sFeo.2O3  based  cathode  of  interme¬ 
diate  temperature  solid  oxide  fuel  cells  (IT-SOFCs). 
Smo.5-xBaxSro.5Coo.8Feo.203_<5  (x  =  0~0.2)  were  synthesized  using 
sol-gel  method,  the  structure,  electrical  conductivity  and  electro¬ 
chemical  performances  were  systematically  investigated.  The 
compositions  with  Ba  substitution  demonstrate  decreasing  ASR  of 
cathode  and  increasing  power  density  of  the  single  cell.  It  should  be 
an  intriguing  approach  to  improve  the  performances  of  IT-SOFCs. 

2.  Experimental 

2.1.  Sample  synthesis  and  cell  fabrication 

Smo.5-xBaxSro.5Coo.8Feo.203_<5  (x  =  0,  0.05,  0.10,  0.15  and  0.20) 
powders  were  synthesized  by  an  EDTA-citrate  combined  sol-gel 
process.  Sm(N03)3,  Ba(N03)2,  Sr(N03)2,  Fe(N03)2»9H20  and  Co(N- 
03)2 -6H20  were  used  as  the  raw  materials.  Stoichiometric  amounts 


of  these  raw  materials  were  dissolved  into  distilled  water  to  form 
a  solution.  Into  which  EDTA-NH3  •  H20  and  citric  acid  were  added  in 
sequence  at  a  molar  ratio  of  1:1 :2  for  total  metal  ions:  EDTA:  citric 
acid  under  heating  and  stirring.  A  transparent  gel  was  obtained  by 
evaporating  the  water  from  the  solution.  The  gel  was  pre-heated  at 
250  °C  and  followed  by  calcinations  at  950-1000  °C  for  5  h  in  air  to 
obtain  the  final  product  with  the  desired  lattice  structure. 

For  electrical  conductivity  measurement,  the  powders  were 
uniaxially  pressed  into  bars  (5  mm  x  5  mm  x  40  mm)  and  sintered 
at  1150  °C  for  10  h.  Ag  wire  (0.25  mm  in  diameter)  and  Ag  paste 
were  used  to  make  the  four  probes.  To  fabricate  the  symmetric  cells 
for  cathode  polarization  investigation,  20  mol%  Sm203  doped  Ce02 
(SDC)  powders  were  synthesized  using  the  same  method  as  above 
mentioned.  The  SDC  powders  were  pressed  into  disk-shaped 
pellets  using  a  stainless  steel  die  under  a  pressure  of  10  Mpa,  fol¬ 
lowed  by  sintered  at  1450  °C  for  5  h  in  air.  The  resulted  dense 
pellets  have  a  diameter  of  - 12.0  mm  and  thickness  of  ~  1.0  mm.  To 
prepare  the  electrode  layers,  Sm0.5_xBaxSr0.5Coo.8Feo.203_(5 
suspension  which  was  well  dispersed  in  a  mixed  solution  of 
ethylene  glycol,  ethanol  and  isopropyl  alcohol  was  symmetrically 
deposited  onto  both  surfaces  of  the  electrolytes  by  spraying,  fol¬ 
lowed  by  calcinations  at  1000  °C  for  2  h.  Both  electrode  surfaces  of 
the  symmetric  cells  were  painted  with  a  thin  layer  of  silver  to  act  as 
current  collectors. 

To  fabricate  the  anode-supported  single  cells  for  the  measure¬ 
ment  of  power  density,  a  mixture  of  Ni02  and  SDC  in  the  weight 
ratio  of 40:60  was  uniaxially  pressed  into  pellets  to  form  the  anode. 
Then  SDC  powders  with  a  proper  amount  was  homogeneously 
dispersed  over  one  surface  of  the  anode  pellets  inside  the  die  and 
pressed  again  to  form  dual  layer  pellets.  These  green  cells  were 
then  sintered  at  1450  °C  for  5  h  in  air  to  density  the  electrolyte 
layer.  The  Smo.5-xBaxSro.5Coo.8Feo.203_,5  suspension  was  then  spray 
deposited  over  the  other  surface  of  the  electrolyte,  followed  by 
calcinations  at  1000  °C  for  2  h  in  air. 

2.2.  Characterization 

The  phase  of  the  synthesized  powders  was  characterized  by 
an  X-ray  diffractometer  (XRD,  Bruker  D8  Advance)  equipped 
with  Cu  Ka  radiation  (A  =  0.15418  nm).  The  Raman  spectra  of 
Sm0.5_xBaxSr0.5Coo.8Feo.203_5  were  collected  at  RT  with  a  micro 
Raman  spectrometer  (JY  Labram  HR  800)  in  backscattering  geom¬ 
etry  with  liquid  nitrogen  cooled  CCD  detector.  Raman  scattering 
was  excited  using  an  Ar-ion  laser  at  a  wavelength  of  514.5  nm.  A 
90  x  long  working  distance  objective  was  used  to  focus  the  laser 
beam  onto  a  spot  of  about  2  pm  in  diameter.  FT-IR  spectra  were 
obtained  using  a  Perkin  Elmer  Paragon  1000/spectrum  RX  Fourier 
IR  spectrometer.  The  samples  were  mixed  with  KBr  in  the  mass 
ratio  5.5— 7.0  x  103:1,  and  then  compacted  into  pellets  with 
a  thickness  of  0.75-1.0  mm  and  a  diameter  of  11.78  mm  under 
a  pressure  of  0.4  Gpa.  X-ray  Photoelectron  spectra  (XPS)  were 
acquired  using  a  VG  Escalab  200R  spectrometer  equipped  with 
a  hemispherical  electron  analyzer  and  an  Al  Ka  (hr  =  1486.6  eV)  X- 
ray  source.  Peak  intensities  were  estimated  by  calculating  the 
integral  of  each  peak  after  smoothing  and  subtraction  of  an  S- 
shaped  background  and  fitting  of  the  experimental  peak  by  a  least- 
squares  routine  using  Gaussian  and  Lorentzian  lines.  The  binding 
energy  (BE)  reference  was  taken  as  the  C  1  s  peak  from  carbon 
contamination  of  the  samples  at  284.6  eV. 

Electrical  conductivity  was  measured  by  the  four-probe  D.C. 
technique.  The  electrical  conductivity  measurements  were  per¬ 
formed  from  300  to  800  °C  at  intervals  of  10  °C  in  air.  The  current 
and  the  voltage  were  detected  by  a  Keithley  2420  source  meter. 

The  symmetric  cell  was  loaded  into  a  quartz  tube  reactor  with 
controllable  atmosphere  for  electrochemical  impedance  spectra 
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(EIS)  measurement  using  a  Solartron  1260  Frequency  Response 
Analyzer  in  combination  with  a  Solartronl287  potentiostat.  The 
frequency  used  for  EIS  measurements  ranged  from  10_1— 1CT2  to 
105-106  Hz  with  signal  amplitude  of  10  mV.  Samples  were  tested 
under  open  circuit  voltage  (OCV)  condition.  Microscopic  features  of 
the  symmetric  cells  were  characterized  using  a  scanning  electron 
microscope  (SEM,  Phillips,  Quanta-400). 

An  in-lab  constructed  fuel  cell  test  station  was  used  to  evaluate 
the  electrochemical  performance  of  the  fabricated  cells.  The  fuel 
cell  was  sealed  onto  a  quartz  tube  using  silver  paste  to  form  an 
anode  chamber,  which  was  then  heated  to  650  °C  at  a  rate  of 
2  °C  min-1  and  held  for  5  h  to  set  the  seal.  Hydrogen  at  a  flow  rate 
of  20  ml  min-1  [STP]  was  introduced  into  the  anode  chamber  to 
begin  in  situ  reduction  of  anodic  Ni02  to  metallic  nickel.  After  about 
5  h,  the  hydrogen  flow  rate  was  increased  to  80  ml  min-1  [STP]  and 
bubbled  through  water  at  25  °C  for  I-V  cell  polarization  test. 
During  the  test,  the  cathode  was  exposed  to  the  ambient  atmo¬ 
sphere.  I-V  curves  were  collected  at  50  °C  intervals  over 
a  temperature  range  of  500-650  °C  using  a  digital  source  meter 
(model  2420,  Keithley,  Cleveland)  with  a  four-probe  configuration. 


Table  1 

Cell  parameters  resulting  from  the  Rietveld  Fit  of  the  XRD  profiles  of  the  SBSCF 
samples. 


Sample 

a  (A) 

b  (A) 

c(  A) 

v(A3) 

x  =  0 

5.3935 

7.6142 

5.3838 

221.1 

x  =  0.05 

5.3989 

7.5847 

5.3602 

219.5 

x  =  0.1 

5.4023 

7.6122 

5.3846 

221.44 

x  =  0.15 

5.4152 

7.6725 

5.4218 

225.27 

x  =  0.2 

5.4358 

7.6959 

5.4422 

227.67 

bonding  length  due  to  the  larger  ionic  radius  of  B3+  (rj^~  =  0.645  A; 
rfe  =  0.61  A)  than  B4+  {rQ  =  0.585  A;  r£t  =  0.53  A)  [32].  Therefore, 
it  should  lead  to  a  shrinkage  in  the  unit  cell.  The  variation  in  the  unit 
cell  volume  is  a  result  of  both  effects.  For  the  sample  with  lower  Ba2+ 
substitution  (x  =  0.05),  the  decrease  in  the  unit  cell  volume 
demonstrates  that  the  latter  show  more  contribution.  For  the  higher 
Ba2+  content  samples,  the  consistent  increase  in  the  unit  cell  volume 
with  Ba2+  content  exhibits  that  the  former  show  more  contribution 
than  the  latter. 


3.  Results  and  discussion 


3.2.  Raman  spectroscopy  and  Infrared  spectroscopy 


3.1.  Phase  composition  and  crystal  structure  of  SBSCF 

The  X-ray  diffraction  patterns  of  Smo.s-xBaxSro.sCoo.sFeo^Cb-^ 
powders  are  presented  in  Fig.  1.  All  the  Smo.s-xBaxSro.sCoo.sFeo^C^ 
powders  show  perovskite  structure  with  an  orthorhombic 
symmetry.  For  the  low  substitution  composition  (x  =  0.05),  the 
reflections  shift  to  the  high  angle  direction  compared  with  the 
Barium-free  composition,  indicating  a  unit  cell  contraction.  With 
further  increasing  Ba2+  content,  the  reflections  consistently  shift  to 
the  low  angle  direction,  which  suggests  a  lattice  expansion.  It  can  be 
seen  more  clearly  from  the  detail  of  the  main  reflection  shown  in 
Fig.  1(b).  In  addition,  the  unit  cell  parameters  of 
Sm0.5-xBaxSr0.5Coo.8Feo.203-5  were  calculated  and  listed  in  Table  1. 
With  increasing  Ba2+  substitution,  the  unit  cell  parameter  a  consis¬ 
tently  increases,  whereas  the  parameters  b,  c  and  the  cell  volume 
exhibit  a  change  trend  of  descend  firstly  then  ascend.  The  substi¬ 
tution  of  larger  Ba2+  (1.75  A)  for  Sm3+  (1.24  A)  [32]  will  lead  to  an 
increase  in  the  average  size  of  the  cations  in  the  A-site,  which  will 
extend  the  A-0  bonding  length  and  thereby  should  expand  the  unit 
cell.  Whereas,  the  substitution  will  result  in  the  transition  of  B-site 
cations  from  lower  to  higher  valences,  which  will  contract  the  B-0 


2  0  (°) 


2  6  (°) 


Fig.  1.  Powder  XRD  patterns  of  the  Sm0.5_xBaxSr0.5Coo.8Feo.203_5  (0  <  x  <  0.2)  samples, 
26  is  (a)  20-80°,  (b)  32-34°. 


At  room  temperature,  the  structure  of  Smo.sSro.sCoo.sFeo^Os-^  is 
orthorhombic  with  space  group  -  pbnm  [24].  As  shown  in 
Fig.  2,  the  Co/Fe  ions  are  located  at  the  center  of  the  octahedral 
environment  (in  D4h  symmetry),  the  oxygen  ions  are  in  apical  (in 
C4v  symmetry,  denoted  as  0(1))  and  equatorial  (in  D2h  symmetry, 
denoted  as  0(2))  positions.  Sm  and  Sr  ions  are  located  in  a  strongly 
distorted  oxygen  environment.  The  Sm,  Sr  and  the  oxygen  ions 
constitute  a  dodecahedral  structure,  Sm(Sr)09.  Group  theoretical 
analysis  of  zone  center  phones  yield 

T  =  7Ag  +  7B}g  +  5B2g  +  5B3g  +  8Au  +  8BjU  +  10B2u  +  10B3U 

(1) 

It  has  four  Raman  active  modes  Ag,  Big,  B2g,  B3g,  three  infrared 
active  modes  Biu,  B2u,  B3u  and  one  inactive  mode  Au. 


02 


02 


02 


Fig.  2.  Schematic  picture  of  the  orthorhombic  perovskite  AB03  structure. 
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Fig.  3  shows  the  Raman  spectra  of  Smo.5-xBaxSro.5Coo.8Feo.203-<5 
(x  =  0,  0.05,  0.10,  0.15  and  0.20)  samples  in  the  frequency  range  of 
50-800  cm-1.  According  to  group  theory  mentioned  above,  one 
should  observe  at  least  24  Raman-active  peaks  in  orthorhombic 
-  (pbnm)  groups  since  the  peaks  corresponding  to  the  same 
symmetry  species  cannot  overlap.  However,  the  observed  number 
of  peaks  is  less  than  24,  which  should  be  due  to  the  weaker  cross- 
section  of  Raman-active  modes  [33].  Furthermore,  several  fine 
distinctions  in  the  bands  for  the  compositions  with  various  Ba2+ 
concentration  have  been  found.  The  band  intensity  of  the  peaks  in 
the  particularly  low  frequency  region  of  ~  70-100  cm-1  gradually 
increases  with  Ba  content.  This  suggests  that  they  are  in  relation  to 
vibrations  mainly  involving  Ba  and  Sr  ions,  which  are  the  heaviest 
ions  in  these  compounds  and  therefore  expected  to  vibrate  with  the 
lowest  frequency.  Whereas,  the  intensity  of  the  peak  at  194  cm-1 
decreases  with  increasing  Ba2+  content  until  disappears  for  the 
composition  with  x  =  0.2.  This  intensity  decrease  demonstrates 
a  weakening  in  the  deformational  motions  of  the  (Sm/Ba/Sr)-[(Co/ 
Fe)Oe]  units,  suggesting  that  the  cations  and  the  oxygen  have 
a  tendency  to  occupy  their  high-symmetry  crystallographic  sites  as 
Ba2+  content  increases.  The  band,  peak  at  around  460  cm-1,  cor¬ 
responding  to  the  vibrations  of  the  A— 0(1)— Co  oxygen  bridge 
bonds  shift  from  483  cirr1  to  460  cm-1,  suggesting  an  increase  in 
the  bond  lengths.  In  addition,  as  the  Ba2+  content  increases,  two 
new  bands  at  618  and  645  cm-1  appear,  which  should  be  attributed 
to  the  defect-induced  mode  or  a  local  distortion  of  B06  octahedron. 

BOe  octahedron,  which  has  A-site  cation  in  their  interstitial  sites, 
is  the  repeatable  structure  unit  of  AB03  crystalline  structure.  There 
are  three  kinds  of  vibrations  to  their  IR  spectra,  and  the  stretching 
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Fig.  3.  Raman  spectra  of  the  Sm0.5_xBaxSr0.5Coo.8Feo.203_5  (0  <x  <  0.2)  samples. 


vibration  (v3)  is  IR  inactive  if  three  pairs  of  B-0  bonds  have  the 
same  length,  i.e.,  B06  octahedron  has  high  symmetry.  On  the 
contrary,  the  B-0  stretching  vibration  v3  is  IR  active  if  the 
symmetry  of  B06  is  low  [34].  As  shown  in  Fig.  4,  there  are  three 
vibration  bands  at  -450,  650  and  760  cm-1  in  the  IR  spectra  of  all 
Sm0.5_xBaxSr0.5Coo.8Feo.203_(5  samples.  The  vibration  band  at 
450  cnrr1,  belongs  to  the  bending  vibration  of  Co-0  bonding  in  the 
BOe  octahedron,  and  the  bands  at  650  and  760  cm-1  can  be 
assigned  to  two  kinds  of  Co-0  bond  stretching  vibration  in  the  B06 
octahedron  [35].  The  band  at  650  cm-1  for  the  Ba2+  containing 
composition  become  broad  and  red  shift  compared  with  that  for 
the  Barium-free  composition,  suggesting  that  some  amounts  of 
Co3+  change  into  Co4+  when  Sm3+  are  partially  replaced  by  Ba2+. 
The  interaction  between  Co4+  and  O  is  stronger  than  that  of  Co3+ 
and  O,  and  thus  the  wave  number  of  the  stretching  vibration  of 
Co4+-0  is  greater  than  that  of  Co3+-0.  Therefore,  the  red  shift  of 
the  wave  number  of  stretching  vibration  of  Co-0  bond  in  the  B06 
octahedron  might  suggest  the  formation  of  some  Co4+.  For  the 
compositions  withx  >  0.1,  the  stretching  mode  at  650  cm-1  slightly 
shift  towards  longer  wave  numbers  with  the  increase  of  Ba2+ 
content.  This  indicates  an  increase  in  B-0  bond  length  and 
consequently  an  increase  in  the  cell  volume.  In  addition,  obvious 
shoulders  on  both  sides  of  all  bands  have  been  noticed,  which 
should  be  ascribed  to  the  large  lattice  distortion  associated  with 
larger  ionic  radius  of  Ba2+. 

3.3.  XPS  analysis  of  SBSCF 

Fig.  5  shows  the  XPS  spectra  of  the  Co2p  and  Ols  level  of 
Smo.5_xBaxSro.5Coo.8Feo.203-,5.  Fig.  5(a)  represents  two  main  peaks 


Fig.  4.  Infrared  spectra  of  the  Sm0.5_xBaxSro.5Coo.8Feo.203_5  (0  <  x  <  0.2)  samples. 
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Fig.  5.  (a)  Co  2p  and  (b)  0  Is  XPS  spectra  of  Smo.5-xBaxSr0.5Coo.8Fe0.203-5  (0  <x  <  0.2) 
samples. 


corresponding  to  the  Co2p 3/2  and  Co2pi /2  levels.  For  all  the  SBSCF 
perovskite-type  complex  oxides,  the  main  peak  at  780.1  eV 
accompanied  by  a  weak  satellite  shoulder  at  789.6  eV  indicates  the 
existence  of  Co3+  in  Sm05-xBaxSro.5Coo.8Feo.203-<5,  which  is  in 
agreement  with  the  reported  data  for  the  Co  peak  in 
Lai_xSrxCo03_<5  [36].  The  low  spin  Co3+  with  a  binding  energy  of  ca. 
780.1  eV  is  attributed  to  octahedral  Co3+  [37].  Shake-up  satellite 
peaks  existing  near  790.0  eV  is  in  relation  with  the  different  charge 
state  of  the  spin  state  of  Co  in  the  perovskites.  Considering  the  fact 
that  the  status  of  Co  with  the  shake-up  peak  is  low  spin  Co3+  in 
Lai_xSrxCo03  [36]  and  Co2+  in  Lao.6Sr0.4Coi_yFey03_(5  system  [8],  it 
can  be  suggested  that  the  status  of  the  shake-up  peak  in  SBSCF  is 
associated  with  low  spin  Co3+.  For  Sm0.45Bao.o5Sr0.5Coo.8Feo.203-5 
composition,  the  small  shoulder  presenting  on  the  high  binding 
energy  side  of  the  C02P3/2  spectra  at  ca.  785.8  eV  can  be  identified 
as  Co4+  [38].  These  suggest  that  Co  exists  mainly  as  Co3+  with  some 
Co4+  on  the  surface  of  the  cathode  materials,  which  is  consistent 
with  IR  spectroscopy  result. 

The  Ols  XPS  peaks  and  their  deconvolution  results,  shown  in 
Fig.  5b,  exhibit  two  strong  contributions,  at  ~  528.3  and  ~  531.1  eV, 
respectively.  The  lower  binding  energy  peak  is  well  in  agreement 


Table  2 

The  composition  of  surface  oxygen  species  in  SBSCF  oxides. 


Sample 

^lattice 

Oabs 

Oads/Olat 

Position 

(eV) 

Area 

FWHM 

(eV) 

Position 

(eV) 

Area 

FWHM 

(eV) 

x  =  0 

528.8 

866.5 

1.72 

531.7 

2715.6 

2.59 

3.13 

x  =  0.05 

528.4 

1434.9 

1.31 

531.2 

3335.9 

2.44 

3.00 

x  =  0.10 

528.8 

934.7 

1.59 

531.7 

3037.2 

2.81 

3.21 

x  =  0.15 

528.6 

847.2 

1.3 

531.3 

2646.1 

2.35 

3.28 

x  =  0.2 

528.6 

1223.9 

1.34 

531.5 

4057.3 

2.37 

3.31 

with  the  lattice  oxygen  in  perovskites  [39].  The  higher  should  be 
attributed  to  the  adsorbed  oxygen  in  oxygen  vacancy  of  this  kind  of 
defect  oxides  [40,8].  The  relative  intensity  of  the  lower  binding 
energy  peak  decreases  with  increasing  Ba2+  content  except  for  the 
composition  with  x  =  0.05.  This  means  an  increased  loss  of  the 
surface  lattice  oxygen  with  the  increase  of  Ba2+  content.  In  the 
presence  of  oxygen,  a  series  of  transformations  on  the  surface  of 
oxide  occurs  according  to  the  general  scheme  [41  ] : 

O 2~02  — *  O2  — *  0\- ^2 0~+3i~202^ (lattice)  (2) 

where  the  underlined  ions  refer  to  chemisorbed  or  surface  species. 
As  showed  in  this  scheme,  different  species  of  adsorbed  oxygen  are 
formed,  gradually  enriched  with  electrons  until  the  state  of  O2-  is 
reached,  which  may  be  considered  as  lattice  oxygen  incorporated 
into  the  uppermost  surface  layer  of  the  solid.  When  oxygen  is  present 
in  the  gas  phase,  the  adsorbed  oxygen  species  O2-  and  CT  may  be 
formed  at  the  surface  of  the  oxide.  Moreover,  these  adsorbed  species 
are  strongly  reactive  in  oxidation  reactions.  Therefore,  the  ratio  of  Oad 
and  OLat  calculated  from  XPS  results,  where  Oad  is  referred  to 
adsorbed  oxygen  and  Ol  referred  to  lattice  oxygen,  can  be  taken  as 
a  criterion  for  comparison  of  the  oxygen  reactivity.  The  calculated 
area  ratio  of  OadS  and  Oiat  for  Sm0.5-xBaxSr0.5Coo.8Feo.203-5  samples  is 
listed  in  Table  2.  Except  for  Smo.45Bao.o5Sro.5Coo.8Feo.203-<5  sample, 
the  area  ratio  of  OadS  and  Oiat  is  gradually  increased  with  the  increase 
of  Ba2+  content,  suggesting  that  the  partial  substitution  of  Ba2+  for 
Sm3+  will  result  in  an  improvement  of  the  oxygen  reactivity. 


Fig.  6.  The  electrical  conductivity  (a)  of  the  Sm0.5_xBaxSro.5Coo.8Feo.203-<5  (0  <  x  <  0.2) 
samples  at  the  temperatures  range  of  300-800  °C. 
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3.4.  Electrical  conductivity 

The  Ba2+  concentration  dependent  electrical  conductivities  of 
Smo.s-xBaxSro.sCoo.sFeo^Os-^  compositions  are  shown  in  Fig.  6.  It  is 
obvious  that  the  substitution  of  Ba2+  for  Sm3+  has  a  significant  effect 
on  the  electrical  conductivity  of  Sm0.5-xBaxSr0.5Coo.8Feo.203_5.  The 
electrical  conductivity  of  the  composition  with  x  =  0.05  is  higher 
than  that  of  the  Barium-free  composition.  This  indicates  that  a  small 
amount  of  Ba2+  substituent  for  Sm3+  will  result  in  an  increase  in  the 
electrical  conductivity.  Whereas,  the  further  increase  of  Ba2+ 
content  leads  to  a  consistent  decrease  in  the  electrical  conductivity. 
As  the  cation  Sm3+  in  the  A-site  is  replaced  by  the  lower  valency 
cation  Ba2+,  according  to  the  principle  of  the  electron  neutrality,  the 
negative  charge  should  be  balanced  either  by  the  formation  of 


higher  oxidation  state  ion  at  B-site  or  by  the  formation  of  oxygen 
vacancy  (V0): 

BaO  Ba'Sm  +  Co,  FeC0,Fe  +  %  (3) 

2BaO  S  2Ba'Sm  +  Vq  +  02  (g)  (4) 

According  to  Eq.  (3),  the  substitution  of  Ba2+  for  Sm3+  will  lead 
to  an  enhancement  of  the  concentration  of  carriers  (Co,  Fe*)  and 
thereby  an  improvement  in  the  electrical  conductivity.  This  may  be 
dominant  in  the  case  of  low  substitution  concentration,  so  the 
electrical  conductivity  of  the  composition  with  x  =  0.05  is  higher 
than  that  of  Smo.sSro.sCoo.sFeo^Os-^.  However,  with  the  increase  of 


Fig.  7.  Scanning  electron  micrographs  of  cutting  cross  section  of  Sm0.5-xBaxSr0.5Coo.8Feo.203-5.  (a)  deposited  on  the  SDC  pellet,  where  the  cathode  is  the  composition  (a)  x  =  0,  (b) 
x  =  0.05,  (c)  x  =  0.10,  (d)  x  =  0.15  and  (e)  x  =  0.20,  respectively. 
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Fig.  8.  (a)  Impedance  plots  of  Sm0.35Bao.i5Sro.5Coo.8Fe0.203-5  cathode  on  SDC  electro¬ 
lyte  from  500  to  750  °C  and  (b)  equivalent  circuit.  The  numbers  in  these  plots  corre¬ 
spond  to  logarithm  of  frequency. 


Ba2+  content,  the  concentration  of  the  oxygen  vacancy  improves. 
The  oxygen  vacancy  will  distort  the  Co-06  octahedron,  weaken  the 
crystal  field  around  the  Co  ion  and  especially  destroy  the  Co-O-Co 
electron  transfer  net,  resulting  in  a  sequential  decrease  in  the 
electrical  conductivity. 

For  the  compositions  with  x  =  0.0-0.15,  the  electrical  conduc¬ 
tivities  are  consistently  decreased  with  increasing  temperature, 
which  is  in  accordance  with  the  metallic-like  conductivity  behavior. 
For  instances,  the  electrical  conductivity  decreases  from 
1250  Scm  1  at  300  °C  to  650  Scirr1  at  800  °C  for  the  composition 
with  x  =  0.05.  As  the  temperature  increases,  a  loss  reaction  of 
oxygen  from  the  lattice  takes  place,  accompanied  by  the  reduction 


of  Fe4+  to  Fe3+  or  Co4+  to  Co3+,  causing  a  decrease  in  the  charge 
carriers  concentration,  thereby  results  in  a  decrease  in  the  electrical 
conductivity.  For  the  composition  with  x  =  0.2,  however,  it  is 
apparent  that  a  semiconductor-metal  transition  occurs  at 
400-500  °C.  That  is,  the  conductivity  gradually  increases  with  the 
temperature,  consistent  with  the  semiconductor-like  behavior,  at 
~450  °C  it  reaches  the  highest  value,  then  decrease  with  the 
temperature,  exhibiting  a  metal-like  characteristics.  The  composi¬ 
tion  with  x  =  0  is  a  metallic  conductor  with  sufficient  bandwidth 
and  little  or  no  charge  transfer  gap.  As  Sm3+  ion  is  replaced  by 
larger  Ba2+  ion,  the  tolerance  factor  t  decreases.  This  causes 
a  bending  of  the  (Co,Fe)— 0-(Co,Fe)  bonds  and  a  decrease  in  the 
bond  angle  below  180°,  thereby  the  bandwidth  decrease  and  the 
charge  transfer  gap  broaden.  This  might  be  a  possible  explanation 
of  the  metal  to  semiconductor  transition  for  the  composition  with 
x  =  0.2,  which  is  in  accordance  with  the  result  observed  in  the 
BSSCF  system  [27]. 

3.5.  Impedance  analysis 

The  microstructure  of  the  Smo.s-xBaxSro.sCoo.sFeo^Os-^  elec¬ 
trodes  fired  at  1000  °C  for  5  h  is  examined  by  SEM  observation. 
Fig.  7  shows  the  micrographs  of  the  Smo.5-xBaxSro.5Coo.8Feo.203-<5 
cathodes  from  the  cross-sectional  views.  It  demonstrates  that  all 
the  Smo.5-xBaxSro.5Coo.8Feo.203_,5  cathodes  well  adhere  to  the 
electrolyte  surface  and  are  no  obvious  differences  in  the 
microstructure. 

The  complex  impedance  measurements  of  the  single-phase 
Smo.5-xBaxSr0.5Coo.8Feo.203-<5  electrode  on  the  SDC  electrolyte  were 
collected  every  50  °C  in  the  temperature  range  from  500  to  750  °C. 
The  typical  impedance  spectra  of  Smo.5-xBaxSro.5Coo.8Feo.203_,5  on 
SDC  electrolyte  pellet  are  shown  in  Fig.  8(a).  Black  circles  are  general 
impedance  data  points  in  symmetrical  cells  and  red  circles  indicate 
decade  of  frequency.  The  impedance  spectra  consisted  of  two  arcs. 
This  indicates  that  there  are  at  least  two  electrode  processes  corre¬ 
sponding  to  the  two  arcs  during  molecular  oxygen  reduction.  The 
data  are  fitted  to  an  equivalent  circuit  shown  in  Fig.  8(bl)  and  (b2). 
Here  (RE1 -CPE1 )  and  (RE2-CPE2)  represent  the  processes  at  high  and 
low  frequency,  respectively.  C  and  R  represent  the  capacitor  and 
resistance  of  the  boundary  of  SDC  electrolyte  at  lower  temperatures. 
The  constant  phase  element  (CPE)  represents  a  nonideal  capacitor, 
and  the  associated  CPE-Q  parameter  indicates  the  similarity  of  the 
CPE  to  a  true  capacitor,  for  which  CPE-Q =  1.  According  to  the 
impedance  plots  of  mixed  ionic  and  electronic  conductor  reported  by 
Adler  [42],  charge-transfer  resistant  originated  from  ion  transfer  at 
interface  of  electrode  and  electrolyte  is  observed  for  the  mid- 


Table  3 

The  fitting  results  of  SBSCF  cathode  with  x  =  0.15  on  SDC  electrolyte  from  500  to  750  °C. 


T(°C) 

500 

550 

600 

650 

700 

750 

1(H) 

4.88  x  10"7 

5.36  x  10"7 

2.27  x  10"7 

4.45  x  10-7 

3  x  8810-7 

4.39  x  10"7 

Ri  (Qcm2) 

9.23 

6.70 

4.83 

2.87 

1.87 

1.39 

R  (Qcm2) 

10.21 

2.60 

C  (Fern-2) 

6.77  x  10~8 

7.16  x  10-8 

ARC! 

R2  (Qcm2) 

9.15 

2.49 

0.90 

0.28 

0.11 

0.11 

CPE!-Q(Fcm"2) 

0.24 

0.28 

0.27 

0.29 

0.48 

5.13  x  10"2 

CPE!-n 

0.92 

0.98 

0.92 

0.93 

0.53 

0.80 

Ci  (Fern  2) 

0.26 

0.28 

0.24 

0.24 

2.46  x  10-2 

9.69  x  10"3 

Fi  (Hz) 

6.77  x  10"2 

0.23 

0.74 

2.37 

88.75 

662.7 

arc2 

*3 

4.93 

3.93 

0.54 

0.16 

7.30  x  10"2 

2.48  x  10"2 

CPE2-Q.(Fcm-2) 

0.16 

0.19 

0.24 

0.31 

0.29 

0.42 

CPE2-n 

0.32 

0.73 

0.46 

0.55 

0.97 

0.73 

C2  (Fern-2) 

9.66  x  10"2 

0.17 

2.18  x  10"2 

2.65  x  10"2 

0.26 

0.13 

F2  (Hz) 

0.33 

0.24 

13.53 

37.49 

5.55 

10.7 

ASR  (Qcm2) 

7.96 

3.97 

0.81 

0.25 

0.10 

0.08 
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frequency  arc.  For  the  low-frequency  arc,  oxygen  adsorption  or 
dissociation  on  the  cathode  surface  and  diffusion  through  the  elec¬ 
trode  bulk  are  likely  considered  to  be  the  main  contributors.  To  get 
more  insight  into  the  mechanism  of  oxygen  reduction  over  the  SBSCF 
electrode,  the  capacitance  and  angular  relaxation  frequency/,  which 
is  an  independent  parameter  of  sample  geometric  characteristics  and 
is  a  very  useful  tool  to  identify  the  oxygen  reduction  process,  are 
calculated  based  on  the  following  equations  [43]: 


m if/n,) 

Ri 


(5) 


fi 


(RiQi)-(1/ni) 

27 r 


(6) 


Table  3  summarizes  the  fitting  parameters  as  a  function  of 
temperature  for  Sm0.5-xBaxSro.5Coo.8Feo.203-5/SDC/Smo.5-xBaxSr0.5 
Coo.8Feo.203_<5  in  air  under  zero  dc  bias  conditions.  It  is  observed 
that  both  frequency  and  capacitance  for  Arcl  are  similar  to  the 
reported  values  for  oxide-ion  transfer  through  the  electrolyte- 
electrode  interface  [44].  Therefore,  Arcl  is  assigned  to  the  imped¬ 
ance  associated  with  oxide-ion  charge  transfer  through  the  inter¬ 
face  between  Srno.5_xBaxSro.5Coo.8Feo.203-«5  and  SDC.  The 
polarization  resistance  associated  with  this  process  is  about  1/3-2/ 
3  of  the  total  cathodic  resistance,  suggesting  that  the  oxygen-ion 
charge  transfer  through  the  electrode-electrolyte  interface  plays 
an  important  role  in  the  overall  oxygen  reduction  in  the 
Smo.5-xBaxSro.5Coo.8Feo.203_,5  electrode.  The  angular  relaxation 
frequency  and  capacitance  of  Arc2  is  between  103-10-1  FIz  and 
10-2— 10-3  Fern-2,  respectively.  Both  are  in  the  typical  ranges  for  an 
electron  charge  transfer  process  [44]. 

Fig.  9  shows  the  variation  of  the  impedance  spectra  of  the 
Smo.5-xBaxSro.5Coo.8Feo.203_,5  cathodes  with  Ba  content  increasing 
at  700  °C.  Table  4  summarizes  the  fitting  parameters  as  a  function 
of  Ba2+  content  for  the  Smo.5_xBaxSro.5Coo.8Feo.203-<5/SDC/ 
Smo.5-xBaxSro.5Coo.8Feo.203-,5  symmetry  cells  tested  in  air  under 
zero  dc  bias  condition.  It  is  obvious  that  the  intercept  of  the 
impedance  arc  on  the  real  axis  decreases  with  increasing  Ba2+ 
concentration,  which  indicates  that  the  partial  substitution  of  Ba2+ 
for  Sm3+  results  in  a  significant  decrease  in  the  interfacial  polari¬ 
zation  resistance  Rp.  For  instance,  the  interfacial  polarization 
resistance  for  the  composition  with  x  =  0.20  is  0.097  Clem2  at 
700  °C,  which  is  less  than  half  of  that  for  the  composition 
Smo.5Sr0.5Coo.8Feo.203-<5.  As  mentioned  above,  when  Sm3+  is 
partially  substituted  by  Ba2+,  the  cell  of  the  perovskite  expands, 
oxygen  vacancy  concentration  increases  and  the  oxygen  reactivity 
improves.  The  decrease  in  the  polarization  resistance  is  the  result  of 
the  above  factors. 

The  Area  Specific  Resistance  can  be  calculated  using  the 
following  equation: 
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Fig.  9.  Impedance  spectra  of  Sm0.5_xBaxSr0.5Coo.8Feo.203_5  (0  <x  <  0.2)  at  700  °C. 


Table  4 

The  fitting  results  of  SBSCF  cathodes  for  various  Ba  content  at  700  °C. 


Sample 

x  =  0 

x  =  0.05 

x  =  0.1 

x  =  0.15 

x  =  0.2 

1(H) 

5.58  x  1CT7  6.13  x 

10 

7  6.23  x  10 

"7  3  x  8810" 

7  5.85  xlO"7 

Ri  (Qcm2) 

1.85 

1.81 

1.92 

1.87 

1.89 

ARC!  R2  (Qcm2) 

0.19 

0.16 

0.13 

0.11 

0.11 

CPE^Q. 

0.14 

3.81  x 

10 

2  0.49 

0.48 

9.32  x  lO"2 

(Fern"2) 

CPE!-n 

0.50 

0.73 

0.77 

0.53 

0.70 

Ci  (Fern"2) 

3.72  x  10"3  5.78  x 

10 

3  0.22 

2.46  x  10' 

2  1.31  x  10"2 

Fi  (Hz) 

225.0 

172.3 

5.69 

88.75 

110.6 

arc2  r3 

0.36 

0.22 

0.25 

7.30  x  10" 

2  6.54  x  10"2 

cpe2-q 

0.19 

9.45  x 

10 

2  4.91  x  10 

"2  0.29 

2.52  x  lO"2 

(Fern"2) 

CPE2-n 

0.75 

0.30 

0.50 

0.97 

0.98 

C2  (Fern-2) 

7.77  x  10-2  1.80  x 

10 

2  6.03  x  10 

“4  0.26 

2.21  x  lO"2 

F2  (Hz) 

5.7 

40.3 

1056.8 

5.55 

110.1 

ASR  (Qcm2 

)  0.31 

0.21 

0.21 

0.10 

9.76  x  10"2 

ASR  =  RpS/2  (7) 

where  S  is  the  cathode  surface,  Rp  is  the  difference  between  the  two 
intercepts  at  high  and  low  frequencies  in  the  real  axis,  and  the 
coefficient  2  of  the  denominator  accounts  for  the  fact  that  the  cell  is 
symmetrical.  The  Arrhenius  plots  of  the  Area  Specific  Resistance  for 
Smo.5-xBaxSr0.5Coo.8Feo.203-<5  cathodes  are  shown  in  Fig.  10.  The 
Area  Specific  Resistance  is  consistently  decreased  with  the  increase 
of  Ba2+  content,  namely  it  decreases  from  0.31  Qcm2  for 
Smo.5Sro.5Coo.8Feo.203-<5  cathode  to  0.09  Qcm2  for  the  composition 
with  x  =  0.2  at  700  °C,  from  2.61  Qcm2  to  1.32  Qcm2  at  600  °C.  In 
addition,  for  these  Smo.5-xBaxSr0.5Coo.8Feo.203-,5  cathodes,  the 
activation  energy  is  in  the  range  of  1.23-1.46  eV. 

Oxygen  reduction  at  a  porous  cathode  includes  a  sequence  of 
steps:  (i)  adsorption  of  oxygen  from  the  gas  phase  to  the  surface  of 
the  porous  cathode,  (ii)  dissociation  of  adsorbed  oxygen  molecule 
into  atomic  oxygen  at  the  active  sites,  (iii)  surface  diffusion  of 
oxygen  atom,  (iv)  charge  transfer;  and  (v)  diffusion  of  O2-  ions 
through  the  cathode  across  the  cathode/electrolyte  interface  and 
into  the  electrolyte.  Cathode  polarization  resistance  is  closely 


Fig.  10.  Area  specific  resistance  (ASR)  results  of  Sm0.5_xBaxSr0.5Co0.8Feo.203-5 
(0  <  x  <  0.2)  with  respect  to  the  temperature. 


J.  Gao  et  al.  /  Journal  of  Power  Sources  218  (2012)  383-392 


391 


related  not  only  to  the  charge  transfer  and  the  adsorption/dissoci¬ 
ation  of  oxygen,  but  also  to  the  transport  speed  of  oxide  ions 
through  the  cathode  bulk  and  across  the  cathode/electrolyte 
interface.  Therefore,  the  kinetics  of  the  oxygen  exchange  and  the 
diffusion  of  oxide  ions  in  the  cathode  as  well  as  the  electronic 
conductivity  play  a  critical  role  on  the  oxygen  reduction  reaction. 

Compared  to  the  Barium-free  composition,  the  reaction  activity 
enhancement  for  Ba-containing  compositions  should  be  mainly 
due  to  the  following  two  reasons.  The  first  one  is  the  increase  in  the 
content  of  oxygen  vacancies  in  Smo.5-xBaxSro.5Coo.8Feo.203-,5. 
Generally,  the  adsorption  of  O2  by  perovskites  oxides  is  related  to 
the  surface  area  and  oxygen  vacancies.  The  content  of  surface 
adsorbed  oxygen  and  oxygen  vacancy  concentration  of 
Smo.5-xBaxSro.5Coo.8Feo.203-(5  increase  with  the  increase  of  Ba2+ 
concentration,  which  is  indicated  by  XPS  analysis.  The  presence  of 
a  large  amount  of  oxygen  vacancies  would  accelerate  the  mobility 
of  lattice  oxygen  and  facilitate  to  the  reproduction  of  oxygen 
vacancies,  which  increases  the  adsorption  and  activation  of  oxygen 
reduction  reaction.  The  second  one  is  that  the  structural 


modifications  induced  by  Ba2+  also  contributes  to  increase  the 
distance  between  the  two  cationic  positions  and  to  weaken  the 
tilting  of  the  oxygen  octahedra  around  the  B  cations,  which  will 
benefit  the  transport  of  the  mobile  oxygen  ion. 

3.6.  Single-cell  performance  of  anode-supported  solid  oxide  fuel  cell 
with  Sm0.5-xBaxSro.5Coo.8Fe0203-6 

Fig.  11  shows  the  power  density  and  voltage  as  a  function  of 
current  density  for  Ni-SDC/SDC/Sm0.5-xBaxSr0.5Coo.8Feo.203-5  cells 
using  H2  as  the  fuel  and  static  air  as  the  oxidant  in  the  temperature 
range  500-650  °C,  respectively.  The  open-circuit  voltage  (OCV)  is 
lower  than  1.0  V,  and  decreases  with  the  increase  of  the  tempera¬ 
ture.  The  decrease  in  OCV  should  be  attributed  to  the  internal 
current  in  the  SDC  electrolyte  film  caused  by  the  reduction  of  some 
Ce4+  to  Ce3+.  The  power  density  increases  with  increasing  Ba2+ 
content  and  reach  the  maximum  values  for  the  cells  using 
Sm0.3Bao.2Sro.5Coo.8Feo.203-,5  as  cathode  material.  The  maximum 
power  densities  for  the  Smo.3Bao.2Sro.5Coo.8Feo.203-<5  based  cells  are 


Current  density  (Acm'2) 


Fig.  11.  Ceil  voltage  (left  axis)  and  power  density  (right  axis)  as  a  function  of  the  current  density  for  the  test  cell  with  the  configuration  SDC  +  Ni/SDC/Sm0.5_xBaxSro.5Coo.8Feo.203_5, 
where  the  cathode  is  the  composition  (a)  x  =  0,  (b)  x  =  0.05,  (c)  x  =  0.10,  (d)  x  =  0.15  and  (e)  x  =  0.20,  respectively. 
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Fig.  12.  Short-term  stability  of  the  cells  tested  at  a  constant  cell  voltage  of  0.5  V  at 
600  °C. 

285  mWcm-2  at  500  °C.  423  mWcm“2  at  550  °C,  656  mWcrn”2  at 
600  °C  and  1030  mWcm'2  at  650  °C.  These  values  are  much  higher 
than  those  exhibited  by  the  Smo.sSro.sCoo.sFeo^Os-,?  cathodes, 
which  are  182,  292,  468  and  720  mWcm'2  at  500  °C,  550  °C, 
600  °C,  650  °C,  respectively.  Since  the  anodes  and  electrolyte  are 
fabricated  following  an  identical  procedure,  the  anode  and  elec¬ 
trolyte  resistances  of  various  cells  are  reasonably  assumed  to  be  the 
same.  Consequently,  the  main  contribution  to  the  enhancement  in 
the  cell  performance  is  from  the  substitution  of  Ba2+  for  Sm3+  of 
SBSCF  cathode.  As  mentioned  above,  the  substitution  results  in 
a  decrease  in  the  electrical  conductivity  and  an  increase  in  the 
oxygen  reactivity.  Hence,  the  improved  electrochemical  perfor¬ 
mance  with  increasing  of  Ba2+  content  should  be  mainly  ascribed  to 
the  enhanced  oxygen  reactivity,  which  includes  the  improvement 
in  the  oxygen  bulk  diffusion  rate  as  well  as  in  the  surface  exchange 
kinetics.  It  provides  a  promising  approach  to  development  of  high 
performance  cathodes  for  IT-SOFCs. 

The  short-term  stability  of  Ni-SDC/SDC/SBSCF  (x  =  0.20)  cell  was 
also  investigated.  The  cell  was  ran  for  a  few  days  with  a  constant 
voltage  loading  of  0.5  V  and  a  constant  operating  temperature 
condition  of  600  °C,  the  corresponding  cell  current  response  was 
recorded.  As  it  can  be  seen  from  Fig.  12  that  the  cell  current 
response  is  almost  constant,  no  detectable  degradation  is  observed, 
implying  SBSCF  cathode  has  high  electrochemical  performance 
stability.  However,  the  long-term  stability  needs  a  further  depth 
testing. 

4.  Conclusions 

In  this  work,  Smo.5-*BaxSro.5Coo.8Feo.2C)3_(5  (SBSCF)  pervoskite 
with  an  orthorhombic  structure  is  prepared  by  a  citric  acid  method. 
The  effects  of  Ba2+  substituent  for  Sm3+  on  the  structure  and  elec¬ 
trochemical  properties  of  Sm0.5-xBaxSr0.5Coo.8Feo.203_5  (SBSCF)  are 
investigated.  The  XRD,  Raman,  IR,  and  XPS  results  indicate  that  the 
structure  continuously  varies  with  the  Ba2+  content.  As  a  result, 
Smo.5-xBaxSr0.5Coo.8Feo.203-,5  based  cells  exhibit  a  regular  variation 
in  the  electrical  conductivity,  area  specific  resistance  and 
power  density  with  Ba2+  content.  That  is,  the  electrical  conductivity 
decreases  with  Ba2+  content,  while  the  area  specific  resistance  and 
power  density  improve  with  Ba2+  content. 
Srn0.3Bao.2Sro.5Coo.8Feo.2C)3-(5  cathode  shows  the  best  electrochemical 


performance.  The  ASRs  are  0.056  Qcm2at  700, 0.032  Qcm2  at  750  °C, 
respectively,  and  the  power  densities  are  1030  mWcm-2  at  650  °C, 
280  mWcm-2  at  500  °C.  These  results  suggest  that  the  substitution 
of  Ba2+  for  Sm3+  results  in  significant  enhancement  in  the  electro¬ 
chemical  performance  of  SBSCF  at  500-700  °C.  This  provides  an 
approach  to  the  improvement  of  the  electrochemical  properties  for 
the  current  cathodes  through  changing  the  structure  by  doping  Ba2+. 
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